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Selective Export of MHC Class I Molecules
from the ER after Their Dissociation from TAP
only a few such sequences have been identified or
shown to act as ER export signals (Fiedler et al., 1996;
Nishimura and Balch, 1997).
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The Johns Hopkins University Because rates of ER-to-Golgi transport appear to cor-
relate with dissociation from TAP, it is often thought thatBaltimore, Maryland 21218
†Department of Biology export of MHC class I molecules from the ER is regulated
by their dissociation from TAP (Suh et al., 1994; LewisUniversity of California, Santa Cruz
Santa Cruz, California 95064 et al., 1996; Neisig et al., 1998). However, recent studies
show that peptide-loaded MHC class I molecules persist
in the ER and associate with calnexin for some time
after assembly and dissociation from TAP (Suh et al.,Summary
1996; Marguet et al., 1999). Furthermore, the cyto-
plasmic tails of MHC class I molecules do not possessIt has been assumed that upon dissociation from TAP,
any of the known ER export sequences. Therefore, it isMHC class I molecules exit the ER by nonselective bulk
unclear if ER export of MHC class I molecules occursflow. We now show that exit must occur by association
by bulk flow upon dissociation from TAP or by selectivewith cargo receptors. Inconsistent with exit by bulk
recruitment into COPII vesicles after dissociation fromflow, loading of MHC class I molecules with high-affin-
TAP.ity peptides triggers dissociation from TAP but has no
If MHC class I molecules are transported to the Golgieffect on rates of ER-to-Golgi transport. Moreover,
complex by bulk flow, rates of ER-to-Golgi transportpeptide-loaded MHC class I molecules accumulate at
must be limited by dissociation from TAP, and ER exportER exit sites from which TAP molecules are excluded.
should be coupled to assembly of MHC at sites of vesicleConsistent with receptor-mediated exit, ER-to-Golgi
formation (ER exit sites). In contrast, if MHC class Itransport of MHC class I molecules is independent
molecules are selectively recruited into COPII vesicles,of their cytoplasmic tails, which themselves lack ER
accumulation of peptide-loaded MHC class I moleculesexport motifs. In addition, we show that MHC class I
should take place at sites of vesicle formation down-molecules associate with the putative cargo receptor
stream of TAP. In addition, dissociation from TAP mightBAP31.
not limit rates of ER-to-Golgi transport, which may de-
pend upon previously unrecognized export sequencesIntroduction
or may involve association of MHC class I molecules
with transport receptors.Major histocompatibility complex (MHC) class I mole-
To distinguish among those possibilities, we exam-cules are synthesized and assembled in the endoplas-
ined TAP association, kinetics of ER-to-Golgi transport,mic reticulum (ER). Their assembly involves binding to
and intracellular localization of the mouse MHC class Ia multicomponent complex, containing the transporter
alleles H2Ld and H2Kb. Upon assembly with high-affinityassociated with antigen processing (TAP) and the ER-
peptides, there was a 4-fold decrease in the percentageresident proteins, calnexin, calreticulin, tapasin, and
of TAP-associated H2Ld and H2Kb molecules. DespiteErp57 (reviewed in Cresswell et al., 1999). The main
this extensive dissociation, there was no significant ef-role of this complex is to supply nascent MHC class I
fect on the rates of ER-to-Golgi transport of either H2Ldmolecules with peptides that are generated in the cyto-
or H2Kb. The peptide-loaded H2Kb molecules accumu-sol by proteasomes. Loading of MHC class I molecules
lated at ER exit sites, from which TAP molecules werewith peptides results in their dissociation from the TAP
topologically excluded. Peptide-loaded MHC class Icomplex and transport from the ER to the Golgi en route
molecules were also found in association with the puta-to the plasma membrane (Suh et al., 1994).
tive transport receptor BAP31. Our results suggest thatThe mechanism by which MHC class I molecules exit
after dissociation from TAP, MHC class I molecules arethe ER is unknown. ER export of membrane and secre-
recruited into ER exit sites by a selective mechanismtory proteins (cargo proteins) requires sorting from ER
that involves association with transport receptors.resident proteins and packaging into COPII-coated vesi-
cles. The bulk flow model for export proposes that reten-
Resultstion and retrieval signals keep proteins in the ER while
cargo proteins progress by default to the Golgi complex
ER Exit of MHC Class I Molecules Is Not Limited(Wieland et al., 1987). In a second model, it is proposed
by Dissociation from TAPthat cargo proteins contain signal sequences that medi-
To study ER-to-Golgi transport of MHC class I moleculesate selective and efficient incorporation into COPII-
as a function of their dissociation from TAP, we con-coated vesicles (Kuehn and Schekman, 1997). However,
structed H2KbGFP, an H2Kb chimera with the GFP
attached to the C9-terminal end of its cytoplasmic tail.‡ To whom correspondence should be addressed (e-mail: edidin@
In the ER, lateral diffusion of a population of GFP-taggedjhu.edu).
MHC class I molecules is proportional to the fraction of§ Present address: Oral Infection and Immunity Branch, NIDCR, Na-
tional Institutes of Health, Bethesda, Maryland 20892. these molecules associated with TAP (Marguet et al.,
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Figure 1. Expression and Assembly of H2KbGFP
(A) Expression of H2KbGFP in L cells was measured by flow cytometry. Left panel, total GFP fluorescence. Right panel, cell surface expression
of H2KbGFP measured using the conformation-dependent mAb, 20-8-4, and the soluble divalent TCR, 2C TCR2IgG, which specifically recognizes
H2Kb molecules loaded with peptide SIY. Surface expression of endogenous H2Kk molecules was measured with mAb 11-4-1. Cells were
labeled with mAbs or soluble TCR and with Cy3 F(ab9)2-conjugated goat anti-mouse IgG. For peptide loading, cells were incubated overnight
in the absence (light line) or presence (bold line) of SIY peptide. The dotted line represents background (the secondary antibody alone).
(B) Western blots: mAb 20-8-4 immunoprecipitates of L cell (lane a) and L-KbGFP cell lysates (lane b) of equal protein content were resolved
by SDS-PAGE and transferred to nylon membranes. Membranes were probed with sera against calnexin (cnx, left) and calreticulin (clr, center).
Coimmunoprecipitation: L cells (lane a) and L-KbGFP cells (lane b) were pulse-labeled with [35S]-methionine for 20 min, long enough to label
MHC class I but not TAP. TAP and H2KbGFP were immunoprecipitated sequentially from lysates with anti-TAP1 and mAb 20-8-4, respectively.
Protein content in L-KbGFP extract was twice that of the L cell extract. The positions of molecular weight standards are indicated.
1999). Hence, measurements of lateral diffusion in con- labeled cells. TAP1-associated H2KbGFP comigrated
with mAb 20-8-4-reactive H2KbGFP (Figure 1B).junction with pulse-chase assays test in vivo the correla-
tion between dissociation from TAP and ER-to-Golgi Lateral diffusion of H2KbGFP in the ER, D 5 29 6 2 3
10210 cm2s21 (percent recovery, R 5 76 6 4%), wastransport of MHC class I molecules.
The H2KbGFP heavy chain was stably transfected in intermediate to D for GFP-tagged H2Ld molecules not
associated with TAP, 46 6 2 3 10210 cm2s21, and DL cells (H2k). H2KbGFP was expressed at the cell surface.
It bound the conformation-dependent mAb 20-8-4 (Wil- for those associated with TAP, 12 6 1 3 10210 cm2s21
(Marguet et al., 1999). When the ER was deprived ofliams et al., 1989) and after loading with peptide SIY
bound the soluble divalent T cell receptor analog, 2C peptides by treating cells with lactacystin, D of H2KbGFP
was reduced to 13 6 1 3 10210 cm2s21 (R 5 70 6 4%),TCR2IgG (O’Herrin et al., 1997) (Figure 1A). Thus, GFP-
tagged H2Kb is expressed in the native conformation. which is identical to D of GFP-tagged TAP1 (Marguet
et al., 1999). When the ER was supplied with high-affinityH2KbGFP molecules associated with components of the
peptide-loading machinery. Associations with calnexin exogenous peptide SIY (8 3 108 M21) (Udaka et al., 1996),
D of H2KbGFP increased to 42 6 4 3 10210 cm2s21 (R 5and calreticulin were detected by Western blotting after
immunoprecipitation of H2KbGFP with mAb 20-8-4 (Fig- 71 6 4%). The same effect was observed when we
added SIY to lactacystin-treated cells (D 5 42 6 2 3ure 1B). Association of H2KbGFP with TAP was detected
by immunoprecipitating TAP1 from lysates of pulse- 10210 cm2s21, R 5 77 6 4%). All the observed effects
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were specific for H2KbGFP in the ER, because treat-
ments had no significant effect on D at the plasma mem-
brane, which was in the range of 7–8 3 10210 cm2s21 for
all treatments. Therefore, D of H2KbGFP appears to be
an average of rapidly diffusing TAP-free and slowly dif-
fusing TAP-associated H2Kb molecules. To confirm that
D consisted of these two components, we compared D
of H2KbGFP in fibroblasts (FT12) derived from TAP1
knockout mice with D in control fibroblasts (FT11). In
FT12 cells, D 5 43 6 4 3 10210 cm2s21 (R 5 84 6 6%),
while in control cells D 5 26 6 3 3 10210 cm2s21 (R 5
74 6 7%).
We have shown for H2Ld that the fraction of TAP-
associated molecules can be estimated from their ap-
parent D, using the relationship 1/Davg 5 f1(1/Dfast) 1 f2(1/
Dslow), where f1 equals the fraction of rapidly diffusing
TAP-free molecules and f2 equals the fraction of slowly
diffusing TAP-bound species (Marguet et al., 1999). This
analysis for H2KbGFP showed that at steady state 21%
of H2Kb molecules are bound to TAP in contrast to 46%
of H2Ld molecules. Because in lactacystin-treated cells
90% of H2Ld and 90% of H2Kb were TAP bound, we
conclude that in vivo, H2Ld and H2Kb have approximately
the same affinity for the TAP complex. Loading of H2Ld
with the high-affinity peptide MCMV (2 3 109 M21)
(Reddehase et al., 1989) and loading of H2Kb with the
peptide SIY resulted in 10% and 4% TAP-bound mole-
cules, respectively.
At steady state, differences in the percentage of TAP-
bound H2Kb and H2Ld molecules correlate with faster
ER-to-Golgi transport of H2Kb than H2Ld. This is in agree-
ment with studies that show that the slowest maturing
allele is also the one with the highest percentage of
TAP-associated molecules (Lewis et al., 1996; Suh et
al., 1996; Neisig et al., 1998). To see if peptide-mediated
dissociation from TAP is the rate-limiting step in ER-to- Figure 2. ER-to-Golgi Transport and Peptide Loading of H2LdGFP
Golgi transport of MHC class I molecules, we measured and H2KbGFP
the rates of intracellular processing of H2LdGFP and L-LdGFP (A) and L-KbGFP (B) cells were labeled with 35[S]methionine
for 20 and 10 min, respectively, in the absence (upper gels) andH2KbGFP upon loading with the high-affinity peptides
presence of peptide (lower gels; MCMV, SIY). Cells were then chasedMCMV and SIY, respectively. As reported by lateral dif-
for the time periods shown as described in Experimental Proce-fusion in the ER (see above), peptide loading results
dures. H2LdGFP and H2KbGFP molecules were precipitated within a 2- to 4-fold decrease in the percentage of TAP-
mAbs 30-5-7 and 20-8-4, respectively, and precipitates were treated
associated MHC class I molecules. However, rates of with endo H. The proportion of endo H-resistant protein was deter-
ER-to-Golgi transport are unchanged. mined by measuring the optical density of the endo H-resistant [r]
At steady state, pulse-chase experiments showed and endo H-sensitive [s] bands and calculating the ratio of [r] to
the total protein ([r]1[s]). Data are from one of two independentthat 51% of the labeled H2LdGFP molecules had ma-
experiments with similar results.tured to endoglycosidase (Endo) H-resistant forms 3 hr
L-LdGFP (C) and L-KbGFP (D) cells were labeled with 35[S]methionineafter their synthesis (Figure 2A). In contrast, 53% of
for 20 min and 15 min, respectively, and chased for 10 min. TheH2KbGFP were endoH resistant after 45 min (Figure 2B).
sample labeled as “mix” originated from 1:1 mixing of radiolabeled
The half-times for maturation of both H2LdGFP and lysate from control cells with cold lysate from peptide-treated cells.
H2KbGFP were close to the values reported earlier for Peptide-loaded H2LdGFP and H2KbGFP molecules were precipi-
the native molecules (Beck et al., 1986; Williams et al., tated with conformation sensitive mAbs 30-5-7 (lane a) and 20-8-4
(lane c), respectively. The remaining H2Ld and H2Kb molecules were1988; Suh et al., 1994). After loading of H2LdGFP with
sequentially precipitated with mAbs 64-3-7/28-14-8 (lane b) andMCMV and H2KbGFP with SIY, there was no increase
anti-GFP (lane d), respectively. Densitometric analysis was used toin the rates of acquisition of endo H resistance (Figures
determine the fold excess of empty to peptide-loaded molecules2A and 2B).
for H2LdGFP and the fold excess of peptide-loaded to empty mole-
Although addition of exogenous peptides in cell me- cules for H2KbGFP.
dium effectively results in their binding to MHC class I
molecules in the ER (Day et al., 1997; Marguet et al.,
H2KbGFP, treatment of cells with high-affinity peptides1999), the surprising outcome of our pulse-chase experi-
resulted in 22-fold increase in the amount of peptide-ments required us to assess the efficiency of peptide
loaded molecules relative to the remaining amount ofloading. To do this, we determined peptide-loaded MHC
labeled heavy chains (Figures 2C–2D). To determine toclass I molecules as a fraction of total amount of radiola-
beled protein (Figures 2C–2D). For both H2LdGFP and what extent this may have been due to peptide binding
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subsequent to lysis, we mixed lysates from radiolabeled
control cells with lysates from unlabeled cells that had
been exposed to peptide (mix). It appears that peptide
binding after cell lysis accounts for some (10%–20%)
of the increase in peptide-loaded MHC class I molecules
(Figures 2B and 2C) but that the overall effect was pre-
dominately due to peptide loading in living cells.
To control for artifacts from the use of GFP-tagged
probes, we assayed the intracellular processing of en-
dogenous H2Kb molecules in murine fibroblasts, FT11
(H2b), in the absence and presence of exogenously
added SIY. In the absence of peptide, endogenous H2Kb
molecules matured somewhat faster (t1/2 5 30 min) than
H2KbGFP in L cells. Addition of exogenous peptide SIY
had no significant effect on ER-to-Golgi transport of
endogenously expressed H2Kb molecules (Figure 3A).
To correlate this finding with dissociation from TAP, we
calculated the amount of TAP-associated H2Kb mole-
cules in the absence and presence of added peptide in
living cells. This analysis showed that upon peptide-
loading there was 22-fold decrease in the percentage
of TAP-bound H2Kb molecules (Figure 3B). Similarly to
GFP-tagged MHC class I molecules, the majority of en-
dogenously expressed H2Kb molecules were loaded
with peptide in vivo and not subsequently to lysis (Figure
3C). Therefore, it seems that regardless of how efficiently
MHC class I molecules dissociate from TAP, transport
to the Golgi cannot exceed a steady state rate character-
istic of a given MHC class I allele.
MHC Class I Molecules Accumulate at ER Exit Sites
Downstream of TAP
Our results indicate that a selective mechanism of export
from the ER, rather than dissociation from TAP, may Figure 3. ER-to-Golgi Transport and Dissociation from TAP of En-
dogenous H2Kb Moleculeslimit the transport of MHC class I molecules to the Golgi
(A) In the absence (upper gel) and presence of peptide SIY (lowercomplex. If this is true, peptide-loaded MHC class I
gel), FT11 cells were labeled with 35[S]methionine for 10 min andmolecules should accumulate at sites of vesicle forma-
chased for the times indicated. H2Kb molecules were precipitatedtion in concentrations higher than the ones prevailing
with mAb 20-8-4 and equal amounts of protein were treated with
in the ER (Balch et al., 1994). To explore this possibility, endo H. Results are representative of three independent experi-
we examined the intracellular localization and trafficking ments.
of MHC class I and TAP molecules. (B) FT11 cells were labeled with 35[S]methionine for 15 min, in the
absence (lane -) and presence of peptide (lane SIY). TAP-boundThe soluble T cell receptor, 2C TCR2IgG, was used
MHC class I molecules were immunoprecipitated from cell lysatesto probe the intracellular localization of peptide-loaded
with anti-TAP1. To provide a reference for the H2Kb protein band,H2Kb molecules. Labeling of cell surfaces with 2C
free H2Kb molecules were sequentially immunoprecipitated from
TCR2IgG showed that binding is specific to H2KbGFP one of the two cell lysates with mAb 20-8-4. Immunoprecipitates
molecules loaded with peptide SIY (Figure 1A), and this were digested with endo H and run on 10% SDS-PAGE. Densitomet-
was also confirmed by cytochemistry. Intracellular dis- ric analysis was performed to calculate the fold excess of TAP-
bound H2Kb molecules from control cells compared to cells treatedtribution of peptide-loaded H2Kb molecules was probed
with peptide. Densitometric values were normalized to the totalat the endogenous level of their expression in FT11 cells.
protein content of each lysate.To observe any accumulation of MHC class I molecules
(C) FT11 cells were labeled with 35[S]methionine for 30 min. The
at ER exit sites, we generated a large population of ER- sample labeled as “mix” originated from 1:1 mixing of radiolabeled
resident, peptide-loaded H2Kb molecules by incubating lysate from control cells with cold lysate from peptide-treated cells.
FT11 cells with the peptide SIY for 1 hr while depleting Peptide-loaded H2Kb molecules were precipitated with mAb 20-
8-4 (lane a) and the remaining molecules with the rabbit antiserumthe ER of endogenous, proteasome-derived peptides
P8 (lane b). Densitometric analysis was performed to determine theby treating cells with lactacystin. Then, we stained cells
fold excess of peptide loaded to empty molecules.for SIY-loaded H2Kb molecules and for endogenous
p137, a component of the mammalian COPII coat that
localizes at ER exit sites (Shugrue et al., 1999). Peptide-
H2Kb molecules in ER tubules and endosomes (Castellinoloaded H2Kb molecules were predominately localized
et al., 2000), the majority of H2Kb-containing puncta co-in vesicular-tubular structures, which were distributed
localized with p137-stained elements (preponderance ofthroughout the cytosol (Figure 4A). Though some of these
yellow puncta in Figure 4C). H2Kb molecules also colocal-structures were not coincident with p137-containing ele-
ments, possibly mirroring localization of peptide-loaded ized with the GFP-tagged SNARE proteins rsec22b and
ER Export of MHC Class I Molecules
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Figure 4. Localization of MHC Class I Molecules at ER Exit Sites
FT11 cells were incubated with peptide SIY (100 mM) in presence of lactacystin (10 mM) for 1 hr. Cells were fixed, permeabilized, and stained
with 2C TCR2IgG and Cy5-conjugated anti-mouse Ig. Samples were sequentially stained with anti-p137 and Alexa 488-conjugated anti-rabbit
Ig. (A), p137; (B), H2Kb/SIY; and (C), overlay of (A) and (B).
L-KbGFP cells were treated with nocodazole (33 mM) for 1 hr, fixed, permeabilized, and stained with anti-p137 and Cy5-conjugated anti-rabbit
Ig. (D), H2KbGFP; (E), p137; and (F), overlay of (D) and (E).
The confocal microscopy images shown are representative of the majority of stained cells. Intracellular structures were visible in detail by
zooming to a single cell per optical field. Arrows point to H2KbGFP-containing puncta and tubular-vesicular elements, which also contained
p137. Inset shows a higher magnification of a H2KbGFP-containing vesicular transport complex, juxtaposed to p137-containing ER exit sites.
Scale bars, z10 mm.
rbet1 (data not shown), which have been shown to be reports have shown that these transport complexes con-
tain COPI and remain tightly juxtaposed to COPII-con-enriched at ER exit sites (Chao et al., 1999).
To see how MHC class I molecules traffic from ER taining ER exit sites (Stephens et al., 2000).
To establish that accumulation of MHC class I mole-exit sites to the Golgi complex, L-KbGFP cells were
treated with nocodazole and stained for p137. Nocoda- cules at ER exit sites is topologically separate from as-
sembly at TAP, we studied the intracellular localizationzole depolymerizes microtubules, which results in the
fragmentation of the Golgi and the ER-to-Golgi interme- and trafficking of TAP. TAP molecules are mainly local-
ized in the ER, but they do not possess any knowndiate (ERGIC) compartments (Lippincott-Schwartz et al.,
1998). In nocodazole- treated cells, post-ER but pre- ER retention and/or retrieval motifs. Early immuno-EM
studies detected a considerable amount of TAP in theGolgi tubular-vesicular structures remain closely associ-
ated with ER exit sites where they continuously receive cis-region of the Golgi complex (Kleijmeer et al., 1992).
However, recent light microscopy studies have showncargo proteins exported from the ER (Presley et al.,
1997). Upon treatment with nocodazole, H2KbGFP fluo- almost perfect colocalization of a virus-encoded TAP
with the ER-resident protein BiP (Russ et al., 1995).rescence was dispersed into vesicular-like elements of
variable size and shape (Figure 4D). Some of these struc- Moreover, only a small fraction of TAP molecules ap-
pears to undergo Asn-linked glycosylation (Russ et al.,tures colocalized with p137-containing puncta and
larger vesicular-tubular elements (Figure 4F, arrows). 1995). On the basis of these incomplete and contradic-
tory reports, it is impossible to predict localization ofMost of the p137-stained ER exit sites appeared to be
adjacent to H2KbGFP-containing elements (Figure 4F, TAP molecules with respect to ER exit sites.
We studied the intracellular localization of TAP byinset). This pattern is consistent with export of MHC
class I molecules from the ER in COPII-coated vesicles confocal microscopy of L cells, which were stably trans-
fected with GFP-tagged mouse TAP1. TAP1 GFP inte-that advance into vesicular transport complexes. Recent
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Figure 5. Localization of TAP1 GFP with Respect to ER Exit Sites
At steady state (A–C) and upon treatment with nocodazole (D–F), L-TAP1 GFP cells were fixed, permeabilized, and stained with anti-p137
and Cy5-conjugated anti-rabbit Ig. Inset shows a higher magnification of ER exit sites lying between TAP1 GFP-containing ER tubules. (A)
and (D), TAP1 GFP; (B) and (E), p137; (C), overlay of (A) and (B); and (F), overlay of (D) and (E). Scale bars, z10 mm.
grates into a functional TAP complex and colocalizes Evidence for Receptor-Mediated MHC Class I
Export from the ERwith the ER marker, calnexin (Marguet et al., 1999). The
same clone of cells previously used for measurements Recruitment of MHC class I molecules into ER exit sites
downstream of TAP could be mediated either by interac-of TAP1 GFP diffusion was stained for p137. TAP1 GFP
fluorescence was diffuse and reticular throughout the tion of their cytoplasmic tails with COPII coat proteins
or by association with transport receptors (cargo recep-cytosol (Figure 5A). In perinuclear regions of the cell,
the high density of membranes did not allow resolution tors) (Kuehn and Schekman, 1997). In contrast to the
transmembrane proteins that have been observed toof ER exit sites with respect to TAP-containing elements.
Along the periphery of the cell, where membrane density accumulate at ER exit sites, the cytoplasmic tails of
MHC class I molecules are devoid of any known ERis lower, ER exit sites appeared to lie between TAP-
containing ER tubules (Figure 5C, inset). Although in export motifs. To see if the cytoplasmic tails of MHC
class I molecules have unknown, allele-specific, motifsproximity to ER tubules, TAP1 GFP was excluded from
these sites. that mediate selective recruitment into ER exit sites, we
replaced the cytoplasmic tail of H2Kk, an MHC class ITo see if TAP molecules traffic from ER exit sites to
pre-Golgi and Golgi compartments, cells were treated allele with rapid ER-to-Golgi transport, with the cyto-
plasmic tail of H2Ld, which is notorious for its slow ratewith nocodazole. The diffuse, reticular morphology of
TAP1 GFP-containing ER was distorted to a long stretch of ER-to-Golgi transport. If indeed the cytoplasmic tail
of H2Ld has low or no affinity for COPII, tail swappingof ribbon-like structures, which were largely empty of
p137-stained elements (Figure 5F). In contrast to the should retard ER-to-Golgi transport of H2Kk, since chi-
meric H2Kk molecules will not be efficiently recruitedpartial but significant localization of H2KbGFP in p137-
containing tubular-vesicular clusters (Figure 4F, arrows), into ER exit sites.
EL4 cells were stably transfected with H2Ld, H2Kk, andTAP1 GFP molecules were excluded from ER exit sites.
These data closely resembled the localization of cal- KL (H2Kk with the cytoplasmic tail of H2Ld). All cells were
metabolically labeled with 35[S]-methionine for 30 minnexin and BiP with respect to SNARE-labeled ER exit
sites (Chao et al., 1999). Both calnexin and BiP were and chased for different times. More than half of the
H2Kk molecules had reached the cis-/medial-Golgirecently shown to be excluded from glucosyltransfer-
ase-containing ER exit sites (Cannon and Helenius, within the 30 min of labeling, consistent with the re-
ported half-time (15 min) of maturation for H2Kk (Williams1999).
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Figure 7. Association of MHC Class I Molecules with BAP31
(A) FT11 cells were treated with g-IFN (400 U/ml) for 48 hr and
lysed in buffer containing 1% CHAPS. Cell lysates were adjusted
to contain equal amounts of protein. Mock (no Ab) and mAb 20-
8-4 immunoprecipitates from these lysates were resolved by elec-
Figure 6. Cytoplasmic Tails and ER-to-Golgi Transport of MHC trophoresis on 12.5% SDS-PAGE, transferred to membranes, and
Class I Molecules probed with anti-BAP31.
(B) The same kind of analysis was done for L cells and L-Ld cellsEL4 cells expressing H2Ld, H2Kk, and KL (H2Kk with its cytoplasmic
except that immunoprecipitations were carried with mAb 30-5-7. Astail replaced with the tail of H2Ld) were labeled with 35[S]methionine
a positive control for BAP31, a small fraction of untreated cell lysatefor 30 min and chased for the times indicated. H2Ld and H2Kk/KL
was run in parallel with immunoprecipitates. The positions of molec-molecules were precipitated with mAbs 30-5-7 and 11-4-1, respec-
ular weight standards are indicated. Note that the 246 kDa band istively. Immunoprecipitates were treated with endo H and analyzed
a nonspecific protein that occurs in the mock lane as well.on 10% SDS-PAGE. Densitometric analysis was performed and
each endo H-resistant band ([r]) was expressed as a percentage of
total digested protein ([r]1[s]).
ville et al., 1998). As shown in Figure 7A, two major
bands coprecipitated with H2Kb. The higher 246 kDaet al., 1985). ER-to-Golgi transport of KL appeared to
band was present in both mock (no Ab) and mAb 20-occur at rates similar to H2Kk (Figure 6). We reproduced
8-4 immunoprecipitates, and it is a nonspecific bandthis result by labeling cells for 15 min, which resulted
that appears in all our Western blots (Figure 1B, calreti-in somewhat slower but similar rates of maturation for
culin blot). The lower band was present in mAb 20-8-4both H2Kk and KL molecules (data not shown). There-
immunoprecipitates but not in the mock immunoprecipi-fore, we concluded that allele-specific rates of ER-to-
tate. This band was of the predicted molecular weightGolgi transport are independent of the cytoplasmic tails
for BAP31 and comigrated with BAP31 detected by im-of MHC class I molecules.
munoblotting of whole cell lysates. In stably transfectedSince tail swapping had no effect on ER-to-Golgi
L cells, specific association of MHC class I moleculestransport of H2Kk molecules, recruitment of MHC class
with BAP31 was reproduced for 30-5-7-reactive (fullyI molecules into ER exit sites could involve association of
assembled) H2Ld molecules (Figure 7B).the molecules’ transmembrane domain or exodomains
with proteins that serve as adaptors between MHC class
I and COPII. To investigate this latter possibility, we Discussion
probed for possible interaction between MHC class I
molecules and putative transport receptors. BAP31, ER- The current model of MHC class I assembly does not
address how peptide-loaded molecules exit the ER. ItGIC53, and p24 are members of the three families of
proteins, which have been proposed to serve as trans- has been assumed that upon dissociation from TAP,
MHC class I molecules exit in vesicles by bulk flow.port receptors (Hermann et al., 1999). BAP31 is a mam-
malian 28 kDa transmembrane protein that is highly en- Because the rate of bulk flow (t1/2 25 min) (Wieland et
al., 1987) is much greater than the rate of dissociationriched in the ER and has been shown to associate
specifically with transmembrane IgD and cellubrevin from TAP (t1/2 230 min for H2Kb) (Suh et al., 1994), ER-
to-Golgi transport should increase with increased disso-(Adachi et al., 1996; Annaert et al., 1997). To detect any
association between MHC class I molecules and BAP31, ciation from TAP. However, upon loading with high-affin-
ity peptides, dissociation of H2Ld and H2Kb from TAPendogenously expressed H2Kb molecules were precipi-
tated from CHAPS extracts of FT11 cells and immuno- did not alter the rates of their ER-to-Golgi transport.
This implied that after dissociation from TAP, exit ofprecipitates were probed with rabbit anti-BAP31 (Gran-
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MHC class I molecules from the ER is limited by a selec- However, association of peptide-loaded molecules with
calnexin could be part of an alternate pathway of peptidetive mechanism of export.
In contrast to the bulk flow model, which predicts loading bypassing TAP (Carreno et al., 1995). In our
studies, when H2LdGFP, H2KbGFP, and endogenousthat cargo exits in COPII vesicles at the concentration
prevailing in the ER lumen, selective export predicts H2Kb molecules were loaded with high-affinity peptides,
the amount of calnexin coprecipitating with fully assem-concentration of cargo at sites of vesicle formation
(Balch et al., 1994). Consistent with the selective model, bled molecules did not change (data not shown). Thus,
an event other than peptide loading must be responsiblepeptide-loaded H2Kb molecules were localized at ER
exit sites containing p137, a component of the COPII for the release of MHC class I molecules from calnexin
(Suh et al., 1996). Since calnexin is mostly excluded fromcoat of ER-budding vesicles. Accumulation of MHC
class I molecules at ER exit sites appeared to occur ER exit sites (Cannon and Helenius, 1999; Chao et al.,
1999), association of the transmembrane domains ofdownstream of TAP. TAP molecules, and hence all class
I molecules bound to TAP, were heavily concentrated MHC class I molecules with BAP31 could result in simul-
taneous release from calnexin and recruitment intoin ER tubules that were in close proximity to ER exit
sites but not at the sites themselves. COPII-coated vesicles.
Regardless of release from calnexin, association ofAlthough as discussed earlier (Results), measurements
of lateral diffusion show dissociation of peptide-loaded MHC class I molecules with BAP31 is expected to occur
in tandem with their assembly at the TAP complex. Per-MHC class I molecules from TAP, these measurements
do not report accumulation of peptide-loaded molecules haps due to steric hindrance, it is not until after peptide
loading and dissociation from TAP that the transmem-at ER exit sites. The diameter of our bleaching spot (1.2
mm) is equal to or greater than the diameter of ER exit brane domains of MHC class I molecules are accessible
to BAP31. Alternatively, association of MHC class I mol-sites (1 mm) (Chao et al., 1999). Hence, upon bleaching
and on the time scale of our experiments (tens of sec- ecules with BAP31 may occur simultaneously with as-
sembly at the TAP complex. As a consequence of theonds), there will be no recovery of fluorescence, and
molecules will appear to be immobile (Yechiel and ongoing interaction with BAP31, release of MHC class
I molecules from TAP and tapasin would automaticallyEdidin, 1987). An immobile fraction of molecules is also
found for ER but may be due to discontinuities in ER initiate recruitment into ER exit sites.
MHC class I molecules were recently shown to main-tubules. Because we cannot tell which of the above is
responsible for the apparent fraction of immobile mole- tain normal rates of ER-to-Golgi transport in cells from
tapasin knockout mice (Grandea et al., 2000). This find-cules and since D is only measured for mobile mole-
cules, lateral diffusion of GFP-tagged MHC class I can- ing, like our data, suggests that rates of ER-to-Golgi
transport are determined independently of peptide load-not report clustering of molecules at ER exit sites.
Therefore, upon peptide loading, rapid diffusion of MHC ing and dissociation from TAP. In our view, export of
MHC class I molecules from the ER is a two-step pro-class I molecules reflects the diffusion of TAP-bound
and TAP-free heavy chain-b2m dimers, as well as the cess. MHC class I molecules are retained in the ER
tubules by interaction with the TAP complex, which en-diffusion of fully assembled molecules on their way to
ER exit sites. sures proper assembly with peptide (Cresswell et al.,
Consistent with receptor-mediated export from the 1999). After dissociation from TAP, MHC class I mole-
ER, MHC class I molecules coimmunoprecipitate with cules are recruited into ER-budding vesicles by associa-
BAP31. Like other cargo receptors, BAP31 forms homo- tion with transport receptors such as BAP31. Perhaps,
oligomers (Ng and Shore, 1997) and its cytoplasmic tail during this step, MHC class I molecules with high affinity
contains the KKXX motif, which ensures continuous for transport receptors are positively selected for effi-
shuttling between the ER and the cis-Golgi. It is uncer- cient export from the ER. Future studies will elucidate
tain if BAP31 interacts directly with components of the the details and the biological significance of a receptor-
COPII machinery or indirectly with transmembrane pro- mediated export of MHC class I molecules from the ER.
teins that facilitate COPII-mediated export. Neverthe-
Experimental Proceduresless, deletion of the cytoplasmic tail of BAP31 specifi-
cally inhibits export of cellubrevin from the ER (Annaert
DNA Constructs, Cells, Antibodies, and Peptideset al., 1997). Consistent with a role in cargo movement
The full-length cDNA encoding for H2Kb was amplified by reverse
during export from the ER, BAP31 has also been shown transcription polymerase chain reaction (RT-PCR). The RNA used
to associate with components of the actomyosin com- for RT-PCR was extracted from a fibroblast cell line expressing
plex (Nguyen et al., 2000). Association of BAP31 with H2Kb following a protocol for RNA isolation with the total RNA isolation
reagent, TRIZOL (Life Technologies). The Advantage RT-for-PCR Kitmembrane IgD and cellubrevin appears to occur via their
(Clontech) protocol was used to amplify the H2Kb cDNA sequence.transmembrane domains (Adachi et al., 1996; Annaert
The PCR reaction was carried with the oligonucleotides 59-CGAATTet al., 1997). Since the ER lumenal portion of BAP31 is
CATGGTACCGTGCACGCTGCTCCTGCTG-39 and 59-CTGGATCCTA
short and the cytoplasmic tails of MHC class I molecules GAGAATGAGGGTCATGAACCAT-39, which introduced the BamHI site
have no influence on their rates of ER-to-Golgi transport at the stop codon of the H2Kb cDNA sequence. To delete the H2Kb
(Figure 6), the transmembrane domains of MHC class I cDNA stop codon and create a C9-terminal in frame fusion with GFP,
the PCR product was digested with BamHI and EcoRI and thenmolecules are also likely to associate with BAP31.
subcloned into the pEGFP.N3 vector (Clontech). The new pH2KbGFPExport of MHC class I molecules from the ER was
vector was sequenced to confirm fidelity. Stable transfected cellrecently proposed to be determined by calnexin (Suh
lines were produced by transfecting the mouse fibroblast cells,
et al., 1996). This was based on the observation that L-M(tk2) (H2k) (ATCC CCL 1.3), with pH2KbGFP. Cells were trans-
upon dissociation from TAP, peptide-loaded MHC class fected using LipofectAMINE reagent (Life Technologies) and then
selected for G418 resistance and cloned.I molecules maintain their interaction with calnexin.
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KL, H2Kk with its cytoplasmic tail substituted by the one of H2Ld, peptides, all media used during the different stages of metabolic
labeling contained 100 mM of fresh peptide.was constructed by ligating the 9.2 kb BglII-EcoRI fragment of pTKk
RS-19 (promoter and exons 1–5 of H2Kk) to the 1.6 kb BglII-EcoRI For pulse-chase experiments, cells were starved for 30 min in
DMEM without L-methionine (Life Technologies), labeled with z300fragment of p1800–39 (exons 6–8 and 39-untranslated region of H2Ld)
(Zu´n˜iga et al., 1983). The new plasmid pTK-KD contained a unique mCi/ml Tran35S-label for the indicated times (figure captions), and
chased in regular medium containing 2 mM L-methionine and 2 mMEcoRI site downstream of the 39-untranslated region of H2Ld. A 2.2
kb EcoRI fragment containing the neomycin resistance cassette cysteine. Cell lysis (Triton X-100) and immunoprecipitations were
performed as previously described (Zu´n˜iga et al., 1983; Capps andfrom pLd-neo was cloned into pTK-KD to generate pTK-KDneo.
Similarly, the neomycin resistance cassette was cloned into pTKk Zu´n˜iga, 1993). H2Ld, H2Kb, and H2Kk molecules were precipitated
by adding excess of mAbs 30-5-7, 20-8-4, and 11-4-1, respectively.RS-19 to generate pTKk-neo. EL4 cells were electroporated with
either pTK-KDneo or pTKk-neo and then selected for G418 resis- Each product was digested for z18 hr at 378C with 1 mU of Endogly-
cosidase H (Boehringer-Mannheim) in NEB Buffer G5 (New Englandtance and cloned. Clones were screened for H2Kk and KL expression
by radioimmunoassay, using radioiodinated mAb 84-17-2, as pre- BioLabs). Samples were run on 10% SDS-PAGE, and gels were
dried and applied to BioMax MR/MS films (Eastman Kodak). Filmsviously described (Capps et al., 1989).
EL4 cells expressing H2Ld (ELd3) have been previously described were scanned and densitometric analysis was performed using NIH
Image software.(Capps et al., 1989). L-LdGFP and L-Ld cells refer to stable L cell
transfectants expressing H2LdGFPin and H2Lduntag (Marguet et al., For Western blot experiments, cells were lysed in buffer containing
1% CHAPS, 0.15 M NaCl, 0.05 M Tris-HCl (pH 7.0), 1 mM PMSF,1999). All cell lines were maintained by 1:10 passage three times
weekly in RPMI 1640 supplemented with 10% heat-inactivated fetal and protease inhibitors. Lysates were assayed for protein content
using BCA (Pierce). After preclearing, lysates were incubated withbovine serum (FBS) and 200 mg/ml G418. Ear skin fibroblasts, FT11,
were derived from (B63129)F1 normal mice (H2b), and FT12 cells excess of mAb 20-8-4. Immune complexes bound to protein A beads
were washed four times in 0.1% CHAPS buffer and eluted in 0.2%were derived from TAP1 knockout mice (Van Kaer et al., 1992). These
cells were maintained in DMEM supplemented with 10% FBS, and SDS and 0.125 M Tris-HCl (pH 6.8). Immunoprecipitates and molecu-
lar weight standards were electrophoresed on SDS-PAGE gels andthey were the kind gift of Dr. Luc Van Kaer (HHMI, Vanderbilt University
School of Medicine). DNA plasmids encoding rbet1-GFP and rsec22b- transferred to OPTITRAN membranes (Schleicher & Schuell). After
incubation with calnexin, calreticulin, and BAP31 antisera in PBS/GFP were the kind gift of Dr. Richard Scheller (HHMI, Stanford Univer-
sity School of Medicine) and were transiently transfected into FT11 0.05% Tween-20/5% nonfat dry milk, membranes were incubated
with horseradish peroxidase-conjugated donkey anti-rabbit Igcells with the FuGENE reagent (Boehringer Mannheim).
Mouse mAbs 20-8-4 (ATCC HB-11), 30-5-7 (ATCC HB-31), 11- (Amersham Life Sciences), washed with PBS/0.3% Tween-20, and
then incubated with ECL detection reagents (Amersham Life Sci-4-1 (ATCC TIB-95), and 28-14–8 (ATCC HB-27) were isolated from
cell culture supernatants using GammaBindPlus Sepharose (Amer- ences).
To assess in vivo peptide loading of MHC class I molecules, cellssham Pharmacia). Monoclonal antibody 20-8-4 binds to the a1 do-
main of b2m-associated H2Kb heavy chains (Williams et al., 1989), were treated with peptides, starved for 30 min in DMEM without
L-methionine (Life Technologies), and labeled with 300 mCi/mlmAb 30-5-7 binds to the a2 domain of b2m-associated H2Ld heavy
chains (Solheim et al., 1993), mAb 11-4-1 binds to conformed H2Kk Tran35S-label. Where indicated, cells were chased in regular me-
dium, lysed (Triton X-100), and treated with excess of mAbs (Zu´n˜igamolecules, and mAb 28-14-8 recognizes the a3 domain of H2Ld
heavy chains regardless of conformation (Ozato et al., 1980). The et al., 1983; Capps and Zu´n˜iga, 1993).
For the coimmunoprecipitation experiment shown in Figure 1,mAb 64-3-7 recognizes the a1 domain of empty, unassembled H2Ld
heavy chains (Lie et al., 1991), and it was the kind gift of Dr. Ted cells were treated with 400 U/ml mouse IFN-g (Sigma) for 24 hr to
upregulate TAP expression, starved of methionine for 30 min, andHansen (Washington University School of Medicine). The P8 is a
rabbit serum against the cytoplasmic tail of the H2Kb heavy chain labeled with 300 mCi/ml Tran35S-label (ICN) for 20 min. The labeled
cells were lysed in buffer containing CHAPS, as described above.(Machold et al., 1995), provided by Dr. Hidde Ploegh (Harvard Medi-
cal School). Anti-BAP31 is an affinity purified rabbit antibody raised After preclearing, lysates were incubated with anti-TAP serum
containing rabbit anti-GST-39 TAP1 (mouse) (Kulig et al., 1998),against the 122-164 amino acids of BAP31 fused to GST, provided
by Dr. Gordon Shore (McGill University). Antibodies to GFP, calnexin, kindly provided by Dr. John Monaco (HHMI, University of Cincin-
nati, Cincinnati, OH), and mAb 20-8-4. For TAP coimmunoprecipi-and calreticulin were purchased from Stressgen Biotechnologies. 2C
TCR2IgG is a soluble divalent T cell receptor analog, a generous gift tations with endogenous H2Kb molecules, FT11 cells were labeled
for 15 min in absence or presence of peptide and lysed in CHAPS.of Dr. Jonathan Schneck (Johns Hopkins School of Medicine). 2C
TCR2IgG recognizes specific peptide SIY-loaded H2Kb molecules Immunoprecipitates were digested with endo H prior to analysis
with SDS-PAGE.and H2Ld molecules loaded with the 2C-reactive peptides, p2Ca,
QL9, and SL9 (O’Herrin et al., 1997). Peptides MCMV (YPHFMPTNL)
(Reddehase et al., 1989) and SIY (SIYRYYGL) (Udaka et al., 1996) Confocal Fluorescence Microscopy
were made and HPLC purified at 90% chromatographic homogene- Cells were fixed for 30 min at room temperature in 2% paraformalde-
ity by Macromolecular Resources (Colorado State University, Fort hyde in PBS. After washing with 0.25% NH4Cl in PBS, cells were
Collins, CO). permeabilized with PBS containing 0.05% saponin and 1% BSA.
Rabbit anti-p137 (Shugrue et al., 1999) was the gift of Dr. Ann Hub-
bard (Johns Hopkins School of Medicine); it was diluted at 1:1,000.
Flow Cytometry
Fresh 2C TCR2IgG was used at 20 mg/ml. The Cy5-conjugated
Cells were harvested in PBS and 1 mM EDTA, washed once with
F(ab9)2 donkey anti-rabbit and anti-mouse IgG (H1L), and the AlexaPBS/1% BSA, and incubated with saturating concentration of mAb
488-conjugated F(ab9)2 goat anti-rabbit (H1L) reagents (Jacksonor with PBS/1% BSA alone for 1 hr at 48C. The cells were washed
ImmunoResearch Laboratories), were used at 10 mg/mL. Prior to
three times with PBS/1% BSA and incubated with 10 mg/ml Cy3-
staining, antibodies were airfuged at 80,000 rpm. Coverslips were
conjugated F(ab9)2 goat anti-mouse IgG (H1L) in excess for 30 min mounted onto glass slides in antifade solution containing 0.1%
at 48C, washed with PBS/1% BSA three times, and resuspended
DABCO (Sigma) and 90% glycerol. Samples were imaged on a con-
in 1% paraformaldehyde (Electron Microscopy Sciences) in PBS.
focal laser scanning microscope, Leica TCS NT from z1 mM optical
Labeled cells were analyzed on an EPICS 752 flow cytometer
sections.
(Coulter).
Measurements of Lateral Diffusion by FPR
Sample preparation, treatment of cells, diffusion measurements,Pulse-Chase, Western Blots, and Immunoprecipitations
For all biochemistry experiments where in vivo loading of MHC data collection, and analysis were all exactly as previously described
(Marguet et al., 1999). D was derived from 30–50 measurements forclass I molecules was necessary, cells were incubated in medium
containing 100 mM peptide for at least 1 hr prior to labeling or each condition. Diffusion of plasma membrane molecules makes
little or no contribution to the measured diffusion in the ER (Marguetlysis. To ensure continuous loading of MHC class I molecules with
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et al., 1999). To draw valid comparisons between H2KbGFP and Grandea, A.G., III, Golovina, T.N., Hamilton, S.E., Venkataraman, S.,
Spies, T., Brutkiewicz, R.R., Harty, J.T., Eisenlohr, L.C., and VanH2LdGFP, we controlled for variations due to instrument calibration
and experimenter by measuring the diffusion of H2LdGFPin in the Kaer, L. (2000). Impaired assembly yet normal trafficking of MHC
class I molecules in tapasin mutant mice. Immunity 13, 213–222.ER. D, for H2LdGFPin, 18 6 2 3 10210 cm2s21 was within the standard
error of the previously measured value (Marguet et al., 1999). Granville, D.J., Carthy, C.M., Jiang, H., Shore, G.C., McManus, B.M.,
and Hunt, D.W.C. (1998). Rapid cytochrome c release, activation of
Acknowledgments caspases 3,6,7 and 8 followed by BAP31 cleavage in HeLa cells
with photodynamic therapy. FEBS Lett. 437, 5–10.
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